Apart from the most studied tin-oxide compounds, SnO and SnO 2 , intermediate states have been claimed to exist for more than a hundred years. In addition to the known homologous series 
I. INTRODUCTION
SnO 2 and SnO are the most studied tin-oxide compounds, showing a wide variety of technological applications. The former is most known as an opacifier of glazes 1 , it can also be used as a polishing powder 2 , it can help to adhere a protective polymer coating 3 and it acts as a functional material for solar cells 4 , transparent conducting oxides 5, 6 and gas sensors 7 .
SnO is used for the production of tin salts for electroplating 8 and is known as an anode material for Li-rechargeable batteries 9 . Moreover SnO is a good p-type semiconductor 10 , which can even be converted from p-to n-type after doping with Sb 11 .
Both SnO 2 and SnO have a tetragonal structure in their most stable form. For SnO 2 this is the rutile structure (space group P 4 2 /mnm) with lattice parameters a = 4.7374 Å and c = 3.1864 Å. In Fig In this study we investigate first the stability of different proposed Sn-O structures from the known homologous series Sn n+1 O 2n with n = 2, 3, 4, 5, 6. When relaxing these structures, we start from a SnO 2 superstructure and remove one oxygen layer, resulting in unit cells consisting of two formula units. This can be seen in the upper part of Fig. 3 , where in structure (a), the removed O layer is shown by the light atoms. In the following we will refer to these structures as series A. In addition to this homologous series Sn n+1 O 2n we also removed two non-successive O layers, resulting in the structures shown in the lower part of 32 , the vdW-DF, optB86b, discussed in ref. 33 , and the hybrid functional proposed by Heyd, Scuseria and Ernzerhof (HSE06) using a mixing parameter α = 0.25 34, 35 .
For total energy calculations and structure optimization we used a Γ-centered MonkhorstPack k-points grid 36 for the Brillouin zone integration. For the PBE and vdW calculations, the plane wave cutoff value was 800 eV, and for the HSE 600 eV. The total number of kpoints was chosen so that our results are converged within 10 −4 eV/atom. The results were considered converged when the energy difference between two successive steps was smaller than 10 −5 eV and for the geometry optimization we considered a convergence criterium for the forces on the atoms of less than 10 −3 eV/Å for the PBE and vdW calculations, and 5 · 10 −3 eV/Å for the HSE calculation.
Only for SnO and SnO 2 we performed G 0 W 0 calculations 37,38 , where we used a 6×6×6 In structure (i), the Sn-Sn interlayer distance and the thickness of the SnO 2 unit are denoted by arrows.
and 4×4×6 k-point grid respectively, 80 empty bands and a cutoff energy of 600 eV.
III. RESULTS

A. Energetic stability
The nine structures of Fig. 3 Sn -of all structures with these two functionals are shown in Fig. 4 (a) and (b) respectively, for O concentration ranging from 50 % (i.e. SnO) to 66 % (i.e. SnO 2 ). For the PBE-relaxed structures the convex hull of these formation energies is similar to the one of Seko et al 27 .
Structures of series A are found to be ground state structures. The convex hull of the vdWrelaxed structures however, shows that these structures are all slightly above the convex hull (2-5 meV/atom), and should therefore be considered as metastable structures. However, in principle entropic effects can stabilize these structures at finite temperature and in any case the energy difference of these metastable structures with the convex hull is small enough to be observed experimentally 39 . One should also keep in mind that vdW-DFs have been tested less in comparison with the standard PBE functional when it comes to the accurate prediction of ground state energies. We also relaxed the structures using a hybrid functional, and their stability is similar to the PBE-relaxed structures. In addition to the homologous series Sn n+1 O 2n (series A) we considered structures from the homologous series Sn n+2 O 2n (series B and structure (i) of Fig. 3 ). These structures are metastable at T = 0 K because their formation energy is slightly above the convex hull From the formation energies of these structures we conclude that structure (i) is favored by 2.6 meV/atom. This means that the Sn-O compounds favor the formation of larger building blocks.
If we remove more O layers resulting in a structure with 50 % O, it did not relax to the SnO ground state structure. It is trapped in a local minimum, which differs by 6.3 meV/atom from the stable litharge structure of SnO. In the following, when SnO is mentioned, one
should keep in mind that we refer to its stable litharge ground state structure.
B. Structural properties
When discussing the structural properties of the intermediate Sn-O structures, we compare the two most relevant features: the Sn-Sn interlayer distance and the thickness of the SnO 2 unit, from which the structures are built up. These two features are shown in Fig. 3 (i). Besides using PBE and optB86b-vdW functionals, we also relaxed the structures using the HSE06 hybrid functional.
In Ref. 29 , the Sn-Sn interlayer distance of SnO was investigated. As mentioned before, the SnO ground state structure can not be obtained by removing O layers from the SnO 2 structure. In For the Sn-Sn interlayer distance of SnO, the optB86b-vdW functional gives results which are in very good agreement with experiment, as shown in Table I We can also compare the thickness of the SnO 2 unit. In Table II In the case of SnO, G 0 W 0 gives a band gap in very good agreement with the experiment, however the value obtained with the hybrid functional is also close to the experimental value.
In the case of SnO 2 the hybrid functional clearly gives the best result. We should remark that the G 0 W 0 results strongly depend on the starting wave functions, and here we used starting wave functions from a PBE calculation. Since structural differences are small when SnO 2 is relaxed using the different functionals, the difference in band gap is mainly due to changes in the electron density as a result of the different functionals. This is not the case for SnO, where not only the use of a specific functional for calculating the band gap, but also the large differences in structural parameters -arising when relaxing with the different functionals -cause differences in the band gap.
Whereas for SnO, the vdW gap is smaller than the PBE gap, the opposite is true for SnO 2 . Therefore one expects a transition somewhere in between. Figure 6 O-p, as can be clearly seen in Fig. 9 . These findings suggest that the valence band of the intermediate structures is rather similar to the valence band of SnO.
In Fig. 10 (a) 
IV. CONCLUSION
In this study, we have investigated the stability, structural and electronic properties of Sn-O compounds with an O concentration between 50 % (SnO) and 67 % (SnO 2 ). Seko et al. 27 already suggested a homologous series of (meta)stable compounds, with formula (n = 2, 3, ..., m = 1, 2, ... and m < n).
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